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An understanding of the conformational behavior of the stereoisomeric tetrols at the
11,12,13,14-positions of dibenzo[a,l]pyrene (DB[a,l]P) is essential for the spectroscopic
identification of DNA adducts derived from the biologically highly active fjord region syn- and
anti-DB[a,l]P-11,12-diol 13,14-epoxides. Conformational effects are expected to play an
important role in DNA-DB[a,l]P diol epoxide reactivity, base-sequence specificity, and
conformation dependent repair. The results of conformational studies on trans-anti-, cis-anti-,
and cis-syn-DB[a,l]P tetrol isomers are presented and compared to the results obtained
previously for trans-syn-DB[a,l]P tetrol (Carcinogenesis 17, 829-837, 1996). Molecular
mechanics, dynamical simulations, and semiempirical calculations of electronic transitions are
used to interpret the low-temperature fluorescence spectra and 1H NMR data. Molecular
dynamics simulations (in vacuo) identified two conformers (I and II) for each of the tetrol
isomers; in all conformations the aromatic ring system is severely distorted. Fluorescence
line-narrowing (FLN) spectroscopy identified two distinct conformational species for the trans-
anti isomer, one occurring in ethanol and the other occurring in a glycerol/water matrix. The
corresponding structures are assigned based on the S1 r S0 transition energies calculated for
conformers I and II, respectively. 1H NMR spectroscopy confirmed the structure of conformer
I at room temperature. In contrast to trans-syn-DB[a,l]P tetrol (where the major conformation
was identified as a boat structure), both conformations of trans-anti-DB[a,l]P tetrol feature a
half-chair structure for the cyclohexenyl ring with different orientations of the hydroxyl groups.
For cis-anti- and cis-syn-DB[a,l]P tetrols, only a single conformer is detected by FLN
spectroscopy. The NMR results for the latter appear to be most consistent with a mixture of
two half-chair conformers I and II, while for the cis-anti isomer a flattened, boatlike
conformation was observed. The generally good agreement between the NMR coupling
constants and those estimated theoretically indicates that these structures should serve as
good starting points for spectroscopic or computational studies of DNA adducts derived from
DB[a,l]P diol epoxides.
Introduction
Polycyclic aromatic hydrocarbons (PAHs)1 are a group
of environmental pollutants, some of which are strongly
carcinogenic. One of the most potent PAH carcinogens
presently known is dibenzo[a,l]pyrene (DB[a,l]P), which
has been identified in river sediments (1) and in indoor
(2) and outdoor (3) air samples, suggesting potential (eco)-
toxicological hazards. Recent in vivo studies with rodents
have shown that at low doses the tumor-initiating
activity of DB[a,l]P is significantly greater than that of
benzo[a]pyrene or 7,12-dimethylbenz[a]anthracene (4-
6). DB[a,l]P, like other PAHs, can be enzymatically
activated to electrophilic intermediates that bind to DNA
(7, 8); formation of covalent DNA adducts is believed to
be responsible for the mutagenic and carcinogenic activity
of DB[a,l]P (7, 9, 10). 32P-Postlabeling analysis of DB-
[a,l]P-DNA adducts has shown that metabolic activation
of DB[a,l]P in cell cultures occurs via formation of the
fjord region 11,12-diol 13,14-epoxide (DE) intermediates,
which can in principle exist in four different stereoiso-
meric forms (4, 11). In addition, both the (()-syn- and
(()-anti-DB[a,l]PDEs are metabolically formed in vitro
from DB[a,l]P or its 11,12-diol, the precursor of the fjord
region diol epoxides, using microsomes from 3-methyl-
cholanthrene-treated rats (7). The reaction of the DB-
[a,l]PDE generated under these conditions with calf
thymus DNA (7) or the direct reaction with purine bases
(12, 13) has been demonstrated to form a mixture of
stable and depurinating adducts: reaction with the
exocyclic amino group of adenine or guanine leads to the
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formation of stable adducts (12, 13), while binding at the
N3- or N7-position of adenine or the N7-position of
guanine yields depurinating adducts (7). An alternate
pathway of microsomal activation of DB[a,l]P is a one-
electron oxidation, which yields radical cations that can
covalently bind to purine bases (7, 14).
Low-temperature fluorescence spectroscopy has proven
to be a valuable tool for the characterization of various
PAH-DNA adducts and PAHmetabolites. Fluorescence
line-narrowing spectroscopy (FLNS) can be used for
fingerprint identification (15-18), and the combination
of FLNS and non-line-narrowing (NLN) fluorescence
spectroscopy provides conformational information (19-
21). The low-temperature fluorescence spectra of trans-
syn-DB[a,l]P tetrol and the trans-syn-DB[a,l]PDE-14-
N7Ade adduct each showed two distinct fluorescence (0,0)
or origin bands having different excited-state vibrational
frequencies, as determined by FLNS (22). Exploration
of the conformational space by molecular modeling and
molecular dynamics simulations produced two potential
energy minima for each compound, both corresponding
to structures in which the aromatic ring system is
severely distorted from planarity. For the major confor-
mation I of the adduct, the adenine base is in a pseudo-
axial position and the cyclohexenyl ring adopts a half-
boat structure. In conformation II, the distal ring is bent
in the opposite direction (away from the base), allowing
the cyclohexenyl ring to adopt a half-chair structure with
the base in a pseudoequatorial position, partially stacked
over the distal ring (22). The difference in calculated (0,0)
transition energies for the two conformers agreed very
well with the spectroscopic data, and the relative orienta-
tions of the hydrogen atoms bound to the cyclohexenyl
ring in the major (half-boat) conformation I were in full
agreement with the experimentally-observed 1H NMR
coupling constants of trans-syn-DB[a,l]P tetrol (22).
Preliminary laser-induced fluorescence and 1H NMR
studies of stable adducts and tetrols from anti- and syn-
DB[a,l]PDE also indicated the existence of two molecular
conformations. Some stereoisomers showed two distinct
fluorescence origin bands having relative intensities that
were solvent dependent. These conformational effects
render the spectroscopic characterization of these com-
pounds extremely complex. Therefore, a thorough un-
derstanding of the conformational behavior of these
compounds is needed before one can attempt to unravel
the nature of DB[a,l]P-DNA adducts formed in in vitro
and in vivo experiments. Furthermore, the conforma-
tional preference of a stable adduct will also determine
how it is embedded in the DNA helix, and several studies
have provided evidence that conformational effects strongly
influence the mutagenic activity and repairability of
PAH-DNA lesions (23-25).
In this paper, our investigations of the conformational
characteristics of trans-anti-, cis-anti-, and cis-syn-DB-
[a,l]P tetrol will be presented. The results will be
compared to those obtained earlier for trans-syn-DB[a,l]P
tetrol (22). Theoretical calculations, including molecular
mechanics, dynamical simulations, and semiempirical
calculations of electronic transitions, are used to interpret
the 1H NMR data and the low-temperature fluorescence
spectra. An understanding of the conformational behav-
ior of these stereoisomeric DB[a,l]P tetrols will be
important for the spectroscopic identification of adducts
from syn- and anti-DB[a,l]P diol epoxides, and it may also
provide insight into their biological effects.
Experimental Procedures
Caution: anti- and syn-DB[a,l]P diol epoxides are extremely
hazardous chemicals and should be handled carefully in ac-
cordance with NIH guidelines.
Sample Preparation. Molecular structures of the four
stereoisomeric DB[a,l]P tetrols, namely, trans-anti-, cis-anti-,
trans-syn-, and cis-syn-DB[a,l]P tetrol, are shown in Figure 1.
These compounds were obtained by hydrolysis of the syntheti-
cally available fjord region anti- and syn-DB[a,l]P diol epoxides2
and separated by means of reversed-phase HPLC. However,
the yield of cis-anti tetrol was too low for NMR characterization
using this approach. Instead, stereoselective dihydroxylation
of DB[a,l]P-11,12-dihydrodiol using osmium tetraoxide, accord-
ing to a procedure described by Bushman et al. (26) for other
trans dihydrodiols, provided cis-anti-DB[a,l]P tetrol as a white
solid in 67% yield: mp 232 °C; 1H NMR (DMSO-d6/acetone-d6/
D2O) ä 9.12 (d, 1H, H1, J1,2 ) 7.8 Hz), 8.99 (d, 1H, H5, J5,6 ) 7.8
Hz), 8.93 (d, 1H, H4, J3,4 ) 8.1 Hz), 8.40 (s, 1H, H10), 8.24 (d,
1H, H7, J6,7 ) 7.8 Hz), 8.10 (AB system, 2H, H8,9, J8,9 ) 9.0 Hz),
8.03 (pseudo-t, 1H, H6), 7.77 (pseudo-t, 1H, H3), 7.72 (pseudo-t,
1H, H2), 5.53 (d, 1H, H14, J13,14 ) 2.5 Hz), 5.47 (d, 1H, H11, J11,12
) 5.7 Hz), 3.83 (pseudo-t, 1H, H13, J12,13 ) 6.1 Hz); FD-MSm/z
370 (M+, 100).
Low-Temperature Fluorescence Spectroscopy. NLN
fluorescence spectra at T ) 77 K and FLN spectra (S1 r S0
excitation) at T ) 4.2 K were obtained using a Lambda Physik
FL-2002 dye laser pumped by a Lambda Physik Lextra 100 XeCl
excimer laser as the excitation source. For FLN several
excitation wavelengths were used, each revealing a portion of
the S1 excited-state vibrational frequencies of the analyte. NLN
spectra were obtained using nonselective excitation at 308 nm
(attenuated excimer laser). Samples were cooled in a glass
cryostat with quartz optical windows. Fluorescence was dis-
persed by a McPherson 2061 1 m focal length monochromator
and detected by a Princeton Instruments IRY 1024/G/B intensi-
fied photodiode array. For time-resolved detection, a Princeton
Instruments FG-100 pulse generator was employed; the detector
2 Luch, A., Platt, K. L., Seidel, A. Synthesis of fjord region tetrols
and their use in hepatic biotransformation studies of dihydrodiols of
benzo[c]chrysene, benzo[g]chrysene and dibenzo[a,l]pyrene. Carcino-
genesis, submitted for publication.
Figure 1. Molecular structures of the four DB[a,l]P tetrols
investigated: (A) 11r,12t,13t,14c-tetrahydroxytetrahydrodiben-
zo[a,l]pyrene, (B) 11r,12t,13t,14t-tetrahydroxytetrahydrodiben-
zo[a,l]pyrene, (C) 11r,12t,13c,14t-tetrahydroxytetrahydrodibenzo-
[a,l]pyrene, and (D) 11r,12t,13c,14c-tetrahydroxytetrahydro-
dibenzo[a,l]pyrene. Samples were racemic mixtures (only one
stereoisomer is shown). The dihedral angles R and â will be used
to describe the deviation from planarity in the fjord region and
the conformation of the cyclohexenyl ring, respectively.
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delay time and gate width were set to 45 and 200 ns. For FLN
measurements the monochromator was equipped with a 1200
G/mm grating, providing an 18 nm spectral window at 0.1 nm
resolution. For low-resolution spectroscopy a 150 G/mm grating
was employed, providing a 150 nm window and 0.8 nm resolu-
tion. Two solvent matrices of different polarities were used as
follows: ethanol or a mixture of glycerol/water (50/50, v/v).
Ethanol was spectrophotometric grade from Aldrich; ultrapure
grade glycerol was purchased from Spectrum Chemical, Gar-
dena, CA. Solutions (ca. 20 íL) were transferred to quartz tubes
(2 mm i.d.) and sealed with a rubber septum. Tetrol concentra-
tions were in the 10-7-(5  10-6) M range. No spectral
dependence on concentration or cooling rate was observed.
1H NMR Spectroscopy. 1H NMR spectra were recorded at
298 K on a Bruker AM 400 instrument (Bruker, Karlsruhe,
Germany) operating at 400 MHz. Chemical shifts in ppm (ä)
are reported elsewhere.2 DB[a,l]P tetrols were dissolved in 0.5
mL of a mixture of DMSO-d6 and acetone-d6 (4:1, v:v) to which
1 drop of D2O was added.
Molecular Modeling and Theoretical Calculations. 1.
Molecular Mechanics. Conformational analyses were carried
out utilizing methods of molecular mechanics (MM), wherein
energy calculations were performed with HyperChem’s molec-
ular modeling program (release 4.5 for Windows Hypercube Inc.,
Waterloo, Ontario, Canada). HyperChem’s force field param-
eters describing an “all atom” force field (MM+) developed for
organic molecules, which is an extension of the MM2 method
(27, 28), were employed. Default parameters were used.
As starting structures, different model-built configurations
in which the saturated ring was in either a half-chair or a half-
boat conformation were used. The Polak-Ribiere algorithm (the
conjugate gradient method, in vacuo) was used for molecular
mechanics optimization; the structures were refined until the
rms gradient was less than 0.001 kcal/mol. In the calculations
the electrostatic contributions were evaluated from defining a
set of bond dipole moments associated with polar bonds.
2. Molecular Dynamics. In the simulations the molecular
starting structures, refined by geometry optimization as de-
scribed above, were used. To calculate thermodynamically-
favored conformations, separated fromMM structures by energy
barriers, quenched dynamics (simulated annealing) was used
to explore the conformational space. No constraints were used
during high-temperature searches of the conformational space.
The starting half-chair and half-boat structures were minimized
and then subjected to 20 ps of molecular dynamics at various
temperatures between 300 and 400 K. Starting and final
temperatures in a dynamic run were set to 0 K, and the heat
and cool times were set to 2 (or 5) ps; the step size was 0.0005
ps. At various time points during the simulation approximately
60 randomly-selected structures were also annealed to 0 K and
optimized. These optimized structures were subsequently used
as starting points for further calculations. All simulations were
performed in vacuo. The two dihedral angles R and â, defining
the distortion in the fjord region and the conformation of the
cyclohexenyl ring, as shown in Figure 1, were used as variables
during the exploration of the conformational space. Optimiza-
tion was restricted to the ground states, since only minor
geometry changes between the S0 and S1 states of large PAH
molecules are expected.
3. Semiempirical Quantum Mechanical Calculations
of (0,0) Transitions. To aid in interpretation of the observed
energy differences between the (0,0) bands of different tetrol
conformations, semiempirical quantummechanical calculations
for the low-energy conformations determined above were per-
formed. HyperChem’s ZINDO/S method, parameterized to
reproduce UV-visible spectroscopic transitions using a config-
uration interaction (CI) treatment with 130 singly-excited
configurations, was applied. The CI space was truncated by
considering only the 10 lowest singly-excited configurations. It
was assumed that, in first approximation, this approach would
describe our systems with sufficient accuracy, since we were
interested in the relative energy differences between the S1 r
S0 electronic transitions rather than in the absolute values. For
spectra and orbital eigenvalues, overlap weighting factors of
1.267 for ó-ó (29) and 0.585 for ð-ð (30, 31) were used.
Results and Discussion
Non-Line-Narrowing Fluorescence Spectra. 1.
Tetrols Derived from anti-DB[a,l]PDE. Fluorescence
spectra obtained at 77 K in ethanol (solid lines) and in
glycerol/water (dashed lines) are shown in Figure 2. The
wavelengths of the (0,0) bands are given in Table 1. The
labeling of the (0,0) bands in Table 1 as I or II is meant
to indicate that they are associated with different mo-
lecular conformations. The existence of one or two
conformations for each stereoisomeric tetrol was deter-
mined mainly on the basis of the FLN spectra, vide infra.
Before considering the solvent dependence of the tetrol
fluorescence spectra, it is important to comment on the
vibronic bands which build on the (0,0) band. The
ground-state vibrational frequencies are given in spec-
trum a of Figure 2. The frequencies in spectra b-h are
identical within experimental uncertainty, although in
some of the spectra the intensities of the relatively weak
230, 550, and 1120 cm-1 bands are suppressed. Such
variation in intensity is not surprising given that the
parent fluorophore B[e]P has C2v symmetry, so the out-
of-plane deformation depends significantly on the ster-
eochemistry of the tetrol, vide infra. Given this, the
structure of the spectra in Figure 2 is that expected for
B[e]P (32), which has a characteristic Herzberg-Teller
vibronic origin band at 780 cm-1. The intensity of the
Herzberg-Teller band for B[e]P in a glycerol/water glass
is equal to that of the (0,0) band (32-34). Its significant
intensity, derived from the electronic vibrational coupling
Figure 2. NLN fluorescence spectra for DB[a,l]P tetrols in
ethanol (solid lines) and in 50/50 glycerol/water (dashed lines);
T ) 77 K, 308 nm excitation: (spectra a and b) trans-anti-DB-
[a,l]P tetrol, (spectra c and d) cis-anti-DB[a,l]P tetrol, (spectra
e and f) trans-syn-DB[a,l]P tetrol, and (spectra g and h) cis-syn-
DB[a,l]P tetrol.
Table 1. Fluorescence Origin Bands of DB[a,l]P Tetrols
in Ethanol and in Glycerol/Water Matricesa
(0,0) band I (nm) (0,0) band II (nm)
DB[a,l]P
tetrol ethanol
glycerol/
water ethanol
glycerol/
water
trans-anti 383.6 b b 385.4
cis-anti 382.8 383.2 b b
trans-sync 382.2 382.7 b 387.0
cis-syn 385.2 385.5 b b
a T ) 77 K, ìex ) 308 nm. b Not observed. c Data from ref 22.
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between the S1 state and higher energy dipole-allowed
states (34), is a consequence of the S1 r S0 absorption
transition being only weakly allowed, Table 2. However,
the allowedness depends on deviations from C2v sym-
metry, and thus, one expects to observe a dependence of
the intensity of the Herzberg-Teller band relative to that
of the allowed (0,0) band on stereochemistry, as seen in
Figure 2.
Concerning the aforementioned solvent dependence
there is, for trans-anti-DB[a,l]P tetrol (Figure 2A, a and
b), a relatively large shift in the position of the (0,0) band.
In ethanol the origin band is located at 383.6 nm, while
in glycerol/water it is at 385.4 nm. For cis-anti-DB[a,l]P
tetrol (Figure 2A, c and d) the shift of the (0,0) band is
relatively small. Its position in ethanol is 382.8 nm,
while in glycerol/water it is 383.2 nm. In addition, its
(0,0) band is now the most intense feature, unlike trans-
anti-DB[a,l]P tetrol for which the Herzberg-Teller origin
band at 780 cm-1 is most intense. The vibronic features
are very similar in the two solvents.
2. Tetrols Derived from syn-DB[a,l]PDE. The
spectra for the trans-syn isomer (Figure 2B, e and f)
resemble those of the cis-anti isomer, with the (0,0) band
the most intense feature and its position shifting only
0.5 nm to the red on going from ethanol to glycerol/water.
As mentioned in the Introduction, spectral characteriza-
tion of the trans-syn isomer has been reported previously
(22). In that work the FLN spectra revealed that in the
glycerol/water matrix there is a minor conformation
denoted as II in Table 1. The major conformation in both
ethanol and glycerol/water is I. For the cis-syn tetrol
isomer (Figure 2B, g and h), the 780 cm-1 Herzberg-
Teller origin band is the most intense spectral feature,
as is the case for the trans-anti isomer. However, the
shift of the (0,0) band of cis-syn tetrol on going from
ethanol to glycerol/water solvent is small, 0.3 nm.
The NLN fluorescence spectra shown in Figure 2
provide very interesting information. For instance, they
reveal that in the case of trans-anti- and cis-syn-DB[a,l]P
tetrol the (0,0) transition is relatively weak, as expected
for molecules bearing a B[e]P chromophore, while the
(0,0) transition appears much more allowed in the case
of cis-anti- and trans-syn-DB[a,l]P tetrol. This effect
must be due to a deviation from C2v symmetry that is
apparently much stronger in the conformations adopted
by the latter two compounds. In order to obtain more
information regarding the molecular conformations of the
tetrols, we turned to FLN spectroscopy coupled with
computational chemistry and NMR spectroscopy.
Vibronically-Excited FLN Spectra. Vibronically-
excited FLN spectroscopy is a powerful technique for
analysis of the vibrational structure of excited electronic
states of molecular species, including PAH-DNA adducts
(15-17, 19-23, 25). A nonmathematical discussion of
the principles is given in ref 15. The approach and
reasoning that follow are based mainly on ref 22. The
results for the cis-anti and cis-syn isomers are considered
first since they are of the type expected when only one
conformation is present, and it is the same in the two
glass hosts.
The FLN multiplet origin structures for the cis-anti
isomer in ethanol (solid line, a) and in glycerol/water
(dashed line, b) are shown in Figure 3A. The same
excitation wavelength, 373.0 nm, was used for both
glasses since the (0,0) bands are displaced from each
other by only 0.4 nm, Table 1. This wavelength excites
vibrations of the S1 state with frequencies in the 550-
800 cm-1 region. The FLN bands are labeled with their
S1 vibrational frequencies in cm-1. The vibrational
frequencies in the two glasses are very similar ((3 cm-1
uncertainty). The intensity distributions are also similar,
with the higher relative intensities of the 746 and 780
cm-1 modes in glycerol/water explicable in terms of the
0.4 nm red shift of the (0,0) band relative to ethanol,
Table 1. If two molecular conformations existed and
contributed to the (0,0) bands of spectra c and d in Figure
2 or if the (0,0) bands in ethanol and glycerol/water were
due to different conformations, one would not expect the
striking similarity between spectra a and b in Figure 3.
This point was emphasized in ref 22 and will become
clearer when the results for the trans-anti isomer are
considered. We conclude that there is only one dominant
conformation and that its structure is not significantly
different in the two solvents.
The conclusions for the cis-syn isomer, based on FLN
spectra c and d of Figure 3B, are the same. For these
spectra an excitation wavelength of 376.0 nm was used.
Again, the vibrational frequencies in the two glasses are
Table 2. Calculated Ground-State Energies and
Calculated and Observed (0,0) Transition Energies for
DB[a,l]P Tetrolsa
DB[a,l]P
tetrol conformer
energy
(kcal/mol)b
oscillator
strength
ìcalc(0,0)
(nm)
ìobs(0,0)
(nm)c
trans-anti I* -2.2 0.006 383.2 383.6 (EtOH)
II -2.0 0.002 384.4 385.4 (g/w)
cis-anti I -0.6 0.004 382.0 382.8 (EtOH)
383.2 (g/w)d
I′ * -0.2 0.004 382.8
II -3.4 0.004 384.3
trans-syne I* -1.0 0.009 381.4 382.2 (EtOH)
382.7 (g/w)
II -3.5 0.008 384.0 387.0 (g/w)
cis-syn I* -3.2 0.005 382.2
II -2.2 0.004 384.5 385.2 (EtOH)
385.5 (g/w)
a The conformation denoted by an asterisk is the most consistent
with the room temperature 1H NMR data. b Ground-state energy
minimum in isolation (no solvent). c Spectroscopically-observed
(0,0) transition energies in ethanol (EtOH) or glycerol/water (g/
w) at 77 K. d The observed fluorescence origin bands may cor-
respond to either the I or the I′ conformation. e Data from ref 22.
Figure 3. Frame A: FLN spectra for cis-anti-DB[a,l]P tetrol
in (a) ethanol and (b) 50/50 glycerol/water; laser excitation at
373.0 nm. Frame B: FLN spectra for cis-syn-DB[a,l]P tetrol in
(c) ethanol and (d) 50/50 glycerol/water; laser excitation at 376.0
nm; T ) 4.2 K. The FLN peaks are labeled with their excited-
state vibrational frequencies, in cm-1.
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very similar. The higher relative intensities of the higher
frequency modes in spectrum d for glycerol/water are due
to the (0,0) band in this solvent being red-shifted by 0.3
nm relative to ethanol, Table 1, as well as its greater
inhomogeneous broadening (compare the widths of the
(0,0) bands of spectra g and h in Figure 2).
We consider next the trans-anti- and trans-syn-DB-
[a,l]P tetrols. FLN spectra are shown in Figure 4 for the
trans-anti isomer with a and c obtained in ethanol and b
and d in glycerol/water. Frames A and B correspond to
different excitation wavelengths (ìex) which expose dif-
ferent regions of the vibronic spectrum. For ethanol,
spectra for ìex ) 376.0 and 374.0 nm are shown in frames
A and B, respectively; for glycerol/water, ìex ) 378.0 and
376.0 nm spectra are shown. The ìex-values for glycerol/
water are 2 nm higher because the (0,0) band in this
solvent is red-shifted by this amount relative to ethanol,
Figure 2 and Table 1. That is, it is important that the
excitation wavelengths for the two glasses excite the
same excited-state vibrational region. Comparison of
spectra a and b in Figure 4 reveals that there are
significant differences in vibrational frequencies and
intensities between ethanol and glycerol/water. This is
also the case for spectra c and d. Spectra obtained with
other ìex-values are consistent with this. Thus, the FLN
results for the trans-anti isomer strongly indicate that
its molecular conformations in the two glasses are very
different. As mentioned in the Introduction, the same
conclusion was reached in ref 22 for the trans-syn isomer.
In contrast, the FLN spectra in Figure 3 for the cis-anti
and cis-syn isomers are consistent with each of them
having the same conformation in the two glasses.
Molecular Modeling and Theoretical Calcula-
tions. The FLN spectra shown above and in ref 22
indicate that trans-anti- and trans-syn-DB[a,l]P tetrols
adopt distinctly different conformations in ethanol and
glycerol/water, while the cis-anti and cis-syn isomers
appear to undergo only a small solvent shift. In order
to understand these results, a theoretical investigation
was initiated using molecular mechanics and molecular
dynamics simulations. Dynamical simulation studies
were carried out at temperatures between 300 and 400
K; local minima in the potential energy surface were
searched for by simulated rapid cooling of approximately
60 high-temperature structures with subsequent opti-
mization. Several different starting structures were used
as follows: half-chair and half-boat structures obtained
frommolecular mechanics were initially investigated, but
in molecular modeling, the optimized structures obtained
during simulated annealing were also used as starting
points for subsequent simulations. However, at higher
temperatures the same conformational equilibrium was
reached, regardless of the starting conformation.
1. Tetrols Derived from anti-DB[a,l]PDE. For
trans-anti-DB[a,l]P tetrol, two different structures were
obtained, in agreement with the spectroscopic data.
Interestingly, in contrast to trans-syn-DB[a,l]P tetrol, for
which the most stable conformation has been shown to
be a half-boat conformation (22), the cyclohexenyl ring
of the trans-anti isomer exists in two different half-chair
conformations. The hydroxyl substituent in the fjord
region at C14 adopts either a semiaxial position (Figure
5, top) or a semiequatorial one (Figure 5, bottom). Both
conformations show severe distortion from planarity in
the fjord region due to steric crowding (see Table 3) but
in opposite directions. In both cases the distal ring is
bent away from the semiequatorial substituent and
toward the semiaxial substituent at C14. Interconver-
sions at temperatures above 300 K indicate that these
conformations are in equilibrium on a picosecond time
scale. During the simulations some higher energy con-
formations were also observed. These structures, how-
ever, would always convert to half-chair conformation I
or II upon further structure optimization.
Although FLN results for the cis-anti isomer indicate
the existence of only a single conformation, the simula-
tions yielded two distinct structures, both of which could
be trapped at 0 K, Figure 6. As was the case for the
trans-anti isomer, in both conformations I and II the
cyclohexenyl ring adopts a half-chair conformation. In
conformation I the OH group at C14 is in a semiaxial
Figure 4. FLN spectra for trans-anti-DB[a,l]P tetrol in (a and
c) ethanol and (b and d) 50/50 glycerol/water; T ) 4.2 K. Laser
excitation wavelengths are 376.0, 378.0, 374.0, and 376.0 nm,
respectively, for spectra a-d. The FLN peaks are labeled with
their excited-state vibrational frequencies, in cm-1. Due to the
red shift of the origin band of trans-anti-DB[a,l]P tetrol in
glycerol/water compared to ethanol (see Figure 2), different laser
wavelengths were used in order to excite similar vibrational
modes with approximately the same efficiency.
Figure 5. Optimized 0 K ground-state structures of trans-anti-
DB[a,l]P tetrol obtained after simulated annealing. Two differ-
ent half-chair conformers (I and II) are presented; hydrogen
atoms are omitted for clarity. The insets show the conformation
of the cyclohexenyl ring in more detail (fjord region is on the
left).
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position, while in conformation II its orientation is
semiequatorial. In the case of conformation I, a down-
ward movement of C12, flattening the dihedral angle â
and changing the conformation of the cyclohexenyl ring
from a half-chair to a more boatlike structure, was
frequently observed during the simulations. This ten-
dency is presumably caused by diaxial strain between
the hydroxyl substituents at C12 and C14, but this
flattened structure (conformation I′) could not be trapped
at 0 K during the simulations. Conformation I′ shown
in Figure 6 serves merely to define this motion.
2. Tetrols Derived from syn-DB[a,l]PDE. Molec-
ular simulations of the trans-syn isomer yielded a major
conformation I, in which the cyclohexenyl ring adopts a
boatlike structure, as well as a minor half-chair confor-
mation II (22). For ease of comparison these structures
are reproduced here in Figure 7. For the cis-syn isomer
only a single conformation could be trapped at 0 K,
consistent with the FLN results. For this conformation
the cyclohexenyl ring adopts a half-chair conformation
with the fjord region hydroxyl group in a semiaxial
orientation and the distal ring bent away from the
semiequatorial hydrogen, as shown in Figure 8 (top). In
the high-temperature dynamical simulations another
conformation was frequently observed. This structure,
conformation II of Figure 8, has its fjord region hydroxyl
group in a semiequatorial orientation. In the quenched
dynamics experiments conformation II always converted
into I. Structural results for the conformations of the
four tetrol isomers are summarized in Table 3.
Table 3. Dihedral Angles of DB[a,l]P Tetrols Calculated
for the Various Conformationsa
DB[a,l]P
tetrol conformer
R
(deg)
â
(deg) structure assignmentb
trans-anti I -24 60 half-chair, pseudoaxial
II 27 -63 half-chair, pseudoequatorial
cis-anti I 24 -59 half-chair, pseudoaxial
I′ 24 -25 flattened, pseudoaxial
II -24 63 half-chair, pseudoequatorial
trans-sync I 25 8 half-boat, pseudoaxial
II -26 64 half-chair, pseudoequatorial
cis-syn I -24 62 half-chair, pseudoaxial
II 26 -60 half-chair, pseudoequatorial
a R describes the deviation from planarity in the fjord region,
and â describes the conformation of the cyclohexenyl ring (see
Figure 1). b Conformation of the cyclohexenyl ring and orientation
of the hydroxyl group at C14. c Data from ref 22.
Figure 6. Optimized 0 K ground-state structures of cis-anti-
DB[a,l]P tetrol obtained after simulated annealing. Two differ-
ent half-chair conformers (I and II) are presented, as well as a
flattened, boatlike conformation (I′); hydrogen atoms are omitted
for clarity. The insets show the conformation of the cyclohexenyl
ring in more detail (fjord region is on the left).
Figure 7. Optimized 0 K ground-state structures of trans-syn-
DB[a,l]P tetrol obtained after simulated annealing. Conforma-
tion I is a boatlike structure, and conformation II is a half-chair;
hydrogen atoms are omitted for clarity. The insets show the
conformation of the cyclohexenyl ring in more detail (fjord region
is on the left); data from ref 22.
Figure 8. Optimized 0 K ground-state structures of cis-syn-
DB[a,l]P tetrol obtained after simulated annealing. Conforma-
tions I and II are both half-chair conformations; hydrogen atoms
are omitted for clarity. The insets show the conformation of the
cyclohexenyl ring in more detail (fjord region is on the left).
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Electronic Transition Calculations. The oscillator
strengths and wavelengths (ìcalc) of the origin or (0,0)
bands calculated using ZINDO/S are given in Table 2
along with the observed ì-values (ìobs). The S1 r S0
absorption transition is only weakly allowed (32, 33, 35);
the low values for the oscillator strengths given in Table
2 reflect this. Overall, there is remarkably good agree-
ment between the observed and calculated ì-values,
better than should be expected given that ZINDO/S is a
semiempirical method. The primary motivation was to
compare the transition wavelength difference calculated
for the two conformations of each tetrol isomer with the
experimental value. The largest difference is 2.6 nm or
180 cm-1, calculated for the trans-syn isomer. Again, two
conformations (one in ethanol and the other in glycerol/
water) were observed by FLN only for the trans-syn and
trans-anti isomers. In the second column of Table 2 the
asterisk superscript on the conformer designation indi-
cates the conformation most consistent with the room
temperature NMR results (DMSO-d6/acetone-d6/D2O sol-
vent), vide infra. With this in mind, it is clear that the
ground-state energies (in vacuo) listed in the third
column are of no use in predicting the most stable
conformation. They are included only for completeness.
1. Tetrols Derived from syn-DB[a,l]PDE. We start
with the results for the trans-syn isomer from ref 22,
given here in Table 2. The conformation observed in both
ethanol and glycerol/water at 382.2 and 382.7 nm,
respectively, was assigned to conformer I rather than II
(Figure 7), in part, because of the ìcalc-values. The second
(minor) conformation, identified only in glycerol/water at
387.0 nm, was assigned as conformer II. A second factor
was that the NMR results indicated only a single
conformation, one that is most consistent with conformer
I, vide infra. We recognize that assignment of conformer
type on the basis of comparison between the observed
and calculated ì-values of the (0,0) band is tenuous given
that the ZINDO/S method does not account for solvent
dependence. However, the differences in ì-values of the
(0,0) bands should be given quite accurately. Therefore,
for consistency we continue this procedure in what
follows but, in doing so, point out problems when they
arise.
For the cis-syn isomer, the FLN spectra are consistent
with a single conformation, one and the same in both
ethanol and glycerol/water with ìobs ) 385.2 and 385.5
nm, respectively. On the basis of the ìcalc-values, one
would assign the conformation as II (Figure 8). However,
the NMR results indicate the presence of two conforma-
tions, I and II, vide infra.
2. Tetrols Derived from anti-DB[a,l]PDE. The
FLN results for the trans-anti isomer indicate that the
single conformation in ethanol and the single conforma-
tion in glycerol/water are very different. In Table 2
(Figure 5) they are assigned as conformers I and II,
respectively, on the basis of the ìcalc-values. The NMR
results indicate the presence of only one conformation,
one consistent with conformer I, vide infra. The FLN
results for the cis-anti isomer indicate the presence of
only one conformation, one that is the same in both
ethanol and glycerol/water. On the basis of the ìcalc-
values, one would assign it as conformer I (Figure 6).
However, the NMR data are most consistent with a
slightly-flattened conformer I′ (Figure 6). The calculated
energy differences between the ground states of conform-
ers associated with each of the four tetrol isomers in
Table 2 are small, of the order of kT at room temperature.
For the cis-anti isomer, conformer II is predicted to lie
lower than I by 3.2 kcal/mol. However, ZINDO/S is not
parameterized for ground-state geometry and energy but,
rather, for spectroscopic transitions. Nevertheless, the
assignment of the FLN-detected conformation to I should
not be considered as firm.
Before turning to the NMR results, we consider whether
the vibrational intensity distributions in the NLN fluo-
rescence spectra of Figure 2, together with ZINDO/S
results, provide any guidance for conformer assignment.
The oscillator strengths given in Table 2 were calculated
for frozen ground-state geometries as determined by the
molecular dynamics simulations. Thus, they do not
include the contribution from vibronic coupling. Rather,
they reflect the dipole strength of the (0,0) band and the
Franck-Condon modes that build on it. A reasonable
first approach to the question posed is to assume that
the intensity of the 780 cm-1 band is independent of
isomer and conformation and to use the oscillator
strengths given in Table 2 to predict the ratios of the
intensity of the (0,0) band to the 780 cm-1 band and
compare them against the experimental values. We have
done so and find that the agreement is poor. The easiest
way to see this is to compare the spectra for the cis-anti
isomer (Figure 2A, c and d) with those for the trans-syn
isomer (Figure 2B, e and f). The above intensity ratio
values for all four spectra are nearly identical, while the
oscillator strength for the former isomer is a factor of 2
smaller than that of the latter. Thus, the answer to the
question is no. An understanding of the vibrational
intensity distributions would require, in part, accurate
calculations of the geometries of the ground and S1
excited electronic states as well as vibronically-induced
absorption intensities.
1H NMR Spectroscopy. The formation and NMR
characterization of trans-anti-, trans-syn-, and cis-syn-
DB[a,l]P tetrols have been described previously.2 1H
NMR spectra of the four stereoisomeric tetrols were
acquired in order to determine their preferred conforma-
tion in solution at room temperature. The relevant
coupling constants of the methine protons CH11, CH12,
CH13, and CH14 are compiled in Tables 4 and 5. From
the set of coupling constants, the dihedral angles between
the methine protons were estimated according to the
Karplus equation (35) and compared to the dihedral
angles obtained theoretically for the 0 K optimized
structures, Tables 4 and 5.
1. Tetrols Derived from anti-DB[a,l]PDE. The
coupling constants obtained for trans-anti-DB[a,l]P tetrol
are J11,12 ) 7.6 Hz, J12,13 ) 2.8 Hz, and J13,14 ) 4.4 Hz.
These values are consistent with half-chair conformation
I in Figure 5, in which the protons CH11 and CH12 are in
a pseudoaxial/pseudoaxial orientation and the hydroxyl
group at CH14 is also pseudoaxial. The alternative
conformation II would have led to a small coupling
constant for the proton pair CH13-CH14 and a large
coupling constant for the proton pair CH11-CH12. Ap-
parently, conformation II does not exist, to any significant
extent, in the NMR solvent at room temperature.
The conformation for cis-anti-DB[a,l]P tetrol which
best matches the coupling constants J10,11 ) 5.7 Hz, J12,13
) 6.1 Hz, and J13,14 ) 2.5 Hz is a half-chair with the
hydroxyl group at C14 in a pseudoaxial position, flattened
at the C11-C12-C13 bonds. This would require a rela-
tively small dihedral angle â of about 25-35°, in good
accordance with the observed coupling constant J12,13 of
6.1 Hz. This is in agreement with the dynamical simula-
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tions in which conformation I of cis-anti-DB[a,l]P tetrol
was found to undergo a similar flattening of the ring at
C12 to a more boatlike conformation I′, Figure 6.
2. Tetrols Derived from syn-DB[a,l]PDE. The
coupling constants obtained for trans-syn-DB[a,l]P tetrol
(J11,12 ) 8.9 Hz, J12,13 ) 1.8 Hz, and J13,14 ) 2.2 Hz) are
fully compatible with the half-boat conformation (con-
former I in Figure 7) predicted by dynamical simulations
(22). A dihedral angle between CH12 and CH13 of about
90° would be consistent with the exceptionally small
coupling constant for J12,13. In ref 22, the spectroscopic
and theoretical evidence also pointed to a boat structure
as the preferential conformer of trans-syn-DB[a,l]P tetrol.
In the case of cis-syn-DB[a,l]P tetrol, the large coupling
constant J12,13 ) 8.0 Hz indicates that under the 1H NMR
conditions the half-chair conformer I (Figure 8, top frame)
is the major conformation. However, the somewhat small
coupling constant J11,12 (only 4.0 Hz) indicates that at
room temperature at least one other conformation con-
tributes to the overall signal, most likely the alternative
half-chair conformation II.
Concluding Remarks
The fluorescence line-narrowing and NMR results
presented here further establish the importance of dual
molecular conformations for the stereoisomers of DB[a,l]P
tetrol associated with the saturated ring. Molecular
dynamics simulations (in vacuo) served to identify two
conformers (I and II) for each of the four tetrol isomers,
Figures 5-8 and Table 3. All conformations show a
significant distortion from planarity of the B[e]P chro-
mophore, defined by the angle R in Table 3. FLN
spectroscopy identified two distinct conformations for the
trans-anti isomer, one in ethanol and the other in the
glycerol/water matrix. They were assigned as conformers
I and II, respectively, on the basis of the calculated S1 r
S0 transition energies. Both have a half-chair conforma-
tion of the cyclohexenyl ring but different orientations
of the hydroxyl group at C14 (Table 3). The room
temperature 1H NMR spectra (DMSO-d6/acetone-d6/D2O
solvent) indicate the existence of only conformer I. Thus,
it is apparent that solvent plays an important role in
determining the energetics of the ground-state conform-
ers. As another example, FLN spectra revealed that,
Table 4. Calculated Dihedral Angles with Estimated and Experimentally-Observed 1H NMR Coupling Constants for the
Proton Pairs Jij of the Cyclohexenyl Ring
A. trans-anti-DB[a,l]P Tetrol
conformer I conformer II
proton
pairs (i, j)
calculated
angle (deg)
estimated
coupling
constanta
calculated
angle (deg)
estimated
coupling
constanta
NMR coupling
constant (Hz)b
11, 12 -147 large -72 small 7.6
12, 13 58 small -63 small 2.8
13, 14 50 small 169 very large 4.4
B. cis-anti-DB[a,l]P Tetrol
conformer I conformer I′ c conformer II
proton
pairs (i, j)
calculated
angle (deg)
estimated
coupling
constanta
calculated
angle (deg)
estimated
coupling
constanta
calculated
angle (deg)
estimated
coupling
constanta
NMR coupling
constant (Hz)b
11, 12 -78 small -144 medium -155 large 5.7
12, 13 -61 small -27 medium 63 small 6.1
13, 14 58 small 61 small -57 small 2.5
a Estimates of coupling constants as a function of dihedral angles, based on Karplus’ relation (35). b NMR spectra were recorded in
DMSO-d6/acetone-d6/D2O; data for trans-anti tetrol taken from Luch et al.2 c This conformation could not be trapped at 0 K during
molecular dynamics simulations (see text).
Table 5. Calculated Dihedral Angles with Estimated and Experimentally-Observed 1H NMR Coupling Constants for the
Proton Pairs Jij of the Cyclohexenyl Ring
A. trans-syn-DB[a,l]P Tetrol
conformer I conformer II
proton
pairs (i, j)
calculated
angle (deg)
estimated
coupling
constanta
calculated
angle (deg)
estimated
coupling
constanta
NMR coupling
constant (Hz)b
11, 12 -169 very large -155 large 8.9
12, 13 121 small 178 very large 1.8
13, 14 -71 small -171 very large 2.2
B. cis-syn-DB[a,l]P Tetrol
conformer I conformer II
proton
pairs (i, j)
calculated
angle (deg)
estimated
coupling
constanta
calculated
angle (deg)
estimated
coupling
constanta
NMR coupling
constant (Hz)b
11, 12 -148 large -77 small 4.0
12, 13 175 very large 53 small 8.0
13, 14 -62 small 53 small 2.9
a Estimates of coupling constants as a function of dihedral angles, based on Karplus’ relation (35). b NMR spectra were recorded in
DMSO-d6/acetone-d6/D2O; data taken from Luch et al.2
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while the same conformer (assigned as I) for the trans-
syn isomer is dominant in both ethanol and glycerol/
water, a second minor conformer (II) exists in glycerol/
water. In this case the conformation of the cyclohexenyl
ring of conformers I and II is assigned as half-boat and
half-chair, respectively. NMR revealed the existence of
only the major conformer I. Only a single one, and the
same conformer in both glasses, was detected by FLN
for each of the other two isomers, cis-anti and cis-syn.
The NMR results for the cis-syn isomer appear to be most
consistent with a mixture of conformers I and II. The
NMR results for the cis-anti isomer indicate the pre-
dominance of a flattened, boatlike conformer I′.
It is apparent that molecular dynamics simulations in
the presence of solvent are required for a complete
understanding of the conformations of the four tetrol
isomers. However, the generally good agreement be-
tween the NMR coupling constants and those estimated
from the structures reported here indicates that these
structures should serve as good starting points in future
computations. The agreement between the calculated
(ZINDO/S) and observed S1 state energies for the dual
conformations of the tetrol isomers is surprisingly good.
In particular, the calculations predict that the wave-
length shift between the fluorescence origins of conform-
ers I and II for each of the four isomers is small, 1-2
nm, as observed. As mentioned above, assignments of
FLN-identified conformations as I or II were made on
the basis of the calculated transition wavelengths.
These studies were stimulated by our earlier finding
that depurinating DNA adducts from syn-DB[a,l]P diol
epoxide can exist in dual conformations (22). Conforma-
tional effects can be expected to be important in under-
standing DNA-diol epoxide reactivity, including base-
sequence specificity, and the structures of stable DNA
adducts formed from the diol epoxides of DB[a,l]P and
other PAHs with a crowded fjord region. Although
extrapolation of our results to conformations of DB[a,l]P-
derived adducts in aqueous buffer solution or embedded
in a DNA helix should be carried out with caution, we
note that DB[a,l]PDE-derived adducts in intact DNA (in
water/buffer solution) exist in multiple conformations.3
Therefore the present results should be indispensible for
future interpretation of spectroscopic data obtained from
more complex systems. It is entirely possible that the
molecular conformation of the diol epoxide may be
important for understanding the bound metabolite’s
preferences toward external, base-stacked, and interca-
lated conformations. Recently, it has been shown, for
benzo[a]pyrene (25) and DB[a,l]P,3 that the repair of
external adducts is considerably more facile than that
for intercalated adducts.
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